Preparation and analysis of oriented membrane multilayers. Washed cells from cell cycle fractions were used to prepare membrane particles (Poole & Haddock, 1974) and, from these, oriented multilayers were prepared . Slow, partial dehydration of the layers took place over 3.5 d at 90% relative humidity and 4 " C . The device for rotation of the multilayers in the e.p.r. spectrometer and the methods of data analysis are described in detail by Poole et a/. (1980) . Figure 1 (a, 6 ) show e.p.r. spectra of oxidized and reduced suspensions of cells at 0.36 of the cell cycle. The signals are qualitatively similar to those seen in membrane particles prepared from an exponentially growing culture (Ingledew et al., 1980; Poole et al., 1980; Blum et al., 1980) . The prominent signal near g = 6.0 in the spectra of oxidized particles has been attributed to two high-spin cytochromes ; in intact cells (Fig. 1 ) it is likely that there are additional contributions to the spectrum from other high-spin haemoproteins such as catalase. The signal at g = 4.2 is thought to be ferric iron, no longer specifically associated with protein (Blumberg, 1967) .
R E S U L T S

Accumulation of e.p.r.-detectable signals from intact cells during the cell cycle
The spectrum of the dithionite-reduced sample ( Fig. 1 b) again resembled that of membrane particles derived from exponentially growing cultures. The ferredoxin-type signal around g = 1-93 has been resolved into at least two potentiometrically distinct components with Em,, values of about -20 mV and -220 mV, respectively (Ingledew et al., 1980) . The signal at g = 2.02 is due to the g, component of the ferredoxin resonance. Quantification of four e.p.r.-detectable signals in cell suspensions representing successive stages of the cell cycle is illustrated in Fig. 1 (c, d) , which show semilogarithmic plots of signal height, expressed on a per cell basis, as a function of the mean volume of cells in each fraction. Results for the signals seen in the oxidized samples are shown in Fig. 1 (c) . Both sets of data points can be fitted satisfactorily by straight lines; the correlation coefficients (r) for the g = 6 and g = 4.2 data are 0.92 and 0.83, respectively. Results for the g = 1-93 and g, = 2.02 signals are shown in Fig. 1 ( d ) ; the correlation coefficients for the lines were 0.93 and 0.86, respectively. Total protein per cell also increased smoothly during the cycle; a semilogarithmic plot of protein as a function of mean cell volume (results not shown) was well fitted by a straight line (r = 0.90). Expressed with respect to total protein content of the cell suspensions used, the signal height of each component remained relatively constant during the cell cycle (results not shown). That is, the components assayed represented a small, constant proportion of cellular protein throughout the cycle. Values for the coefficient of variation (100 x standard deviatiodmean) were 11.2% (g = 1-93), 13.9% (g = 2-02), 10.3% (g = 6-0) and 11.3 % (g = 4.2). The greater error in measurement of the g = 2.02 signal is presumably due to the poorer signal-to-noise ratio for this signal (Fig. 1 b) . These results indicate that the pattern of accumulation of the signals studied parallels that of total cell protein and appears to be exponential through the cell cycle.
Although complex patterns of accumulation (e.g. oscillations) of these components would be suggested by joining the data points of Fig. 1 (c, d) , we do not believe this interpretation to be justified by the present results. The reproducibility of the assay of the g = 1-93 signal was assessed by reducing six identical cell suspensions derived from an exponentially growing culture. The coefficient of variation of the measured g = 1.93 signal was 7%. Similar measures of error in the protein determination gave a coefficient of variation of 3.3 % which, taken with the error in the e.p.r. measurements, is close to the total error found in the experimental data of Fig. 1 (c, d ) when expressed with respect to total cell protein. The e.p.r.-detectable signals at g = 6,4.2, 2.02 and 1-93 increased by factors of 1.52, 1.51, 1.68 and 1.72, respectively, over a doubling in mean cell volume, whilst total protein increased 1.54-fold. Also shown in Fig. 1 ( d ) are the intensities of the g = 2.02 and g = 1-93 signals seen in the exponentially growing culture, expressed on a per cell basis. In both cases, the value is intermediate between the highest and lowest values found after cell cycle fractionation. In the case of the g = 1-93 signal, the value for the exponentially growing culture is equivalent to that found at a mean cell volume of 0-35 pm3 in the fractions, i.e. in cells that are 0.36 of the way through the 'ideal' cycle. This is in reasonable agreement with 0.44, the cell cycle age at which the value of any extensive property of the cell that increases linearly (and, to a reasonable approximation, exponentially) equals that of the mean value averaged over the cell cycle.
Orientation of iron-sulphur clusters in membrane multilayers prepared from cells at different stages in the cell cycle We have previously described the orientation of cytochromes and iron-sulphur clusters in membrane multilayers derived from exponentially growing cultures of E. coli. The high yields of cells of homogeneous age obtained with the zonal gradient sizing method allows this analysis to be extended to membranes isolated at successive stages of the cell cycle. Orientation of the ferredoxin-type iron-sulphur clusters in membrane multilayers prepared from cells at 0.20, 0.48 and 0.92 of the cycle was observed; the amplitude of the g = 1.93 signal was maximal at a field angle of Oo (when the layer was perpendicular to the magnetic field), whilst the g, = 2.02 signal was seen only at a field angle of 90°. This angular dependence is identical to that observed in multilayers from exponentially growing cultures. In certain other fractions (0-17 and 0.77 of the cycle) no orientation of this or any other signal was observed and it is therefore likely that this reflects poor orientation of the membranes in the multilayers rather than disorder of the Short communication ferredoxin-type clusters in the membranes. In the one fraction (0.92 of the cycle) in which a partially oxidized multilayer was examined, the observed orientation of the high-potential iron-sulphur protein(HiP1P)-like cluster was again the same as that previously observed in multilayers from exponentially growing cells, i.e. the signal intensity at g = 2.02 was maximal at a field angle of 0".
DISCUSSION
The results presented here support the data of Lutkenhaus et al. (1979) and demonstrate that the magnitudes per cell of four readily detectable e.p.r. signals, arising largely from membrane-associated protein, increase continuously through the cell cycle of aerobically grown E. coli, as do the amounts of cytochrome o (Scott et al., 1981) . The results further suggest that orientation of the ferredoxin and perhaps also of a HiPIP-like signal are invariant during most of the cycle.
The components contributing to each (probably complex) signal have not been exhaustively studied. However, the properties of the two membrane-bound ferredoxins seen around g = 1.93 bear a close resemblance to those of the succinate dehydrogenase of eukaryote mitochondria and of certain other bacteria (for references, see Ingledew et al., 1980). Succinate dehydrogenase activity has been shown to increase in a stepwise fashion through the cell cycles of various bacteria, synchronized by diverse methods (Sargent, 1973; Hartmann et al., 1977; Wraight et al., 1978) . In a temperature-sensitive mutant of E. coli, formation of succinate dehydrogenase occurs in a stepwise pattern, coincident with synchronous cell division, immediately after a shift from the restrictive to the permissive temperature (Ohki 8z Mitsui, 1974) . However, further work is required to investigate the pattern of increase in succinate dehydrogenase activity following cell cycle analysis by our method and to study the possible modulation of dehydrogenase activity.
